Babesia bovis rhoptry-associated protein 1 (RAP-1), which confers partial protection against B. bovis challenge, is recognized by antibodies and T lymphocytes from cattle that have recovered from infection and are immune to subsequent challenge. RAP-1 is a 60-kDa protein with an N-terminal (NT) region that contains four cysteine residues conserved among all Babesia RAP-1 family members and a C-terminal (CT) region that contains multiple, degenerate, tandem 23-amino-acid (aa) repeats. To define the location of CD4
Babesia bovis is an intraerythrocytic protozoan parasite of cattle transmitted by Boophilus ticks. B. bovis infection causes a significant disease characterized by fever, anemia, cachexia, and, in severe cases, cerebral babesiosis or respiratory distress syndrome (12, 45) . Similar to what occurs with malaria, control measures are largely inadequate and the lack of a safe and effective vaccine for babesiosis results in large economic losses in tropical countries where babesiosis is endemic (23) .
Protective acquired immune mechanisms against apicomplexan parasites, including B. bovis, are thought to involve both humoral and cell-mediated responses which result in macrophage activation and parasite killing (12, 21, 24, 25, 32, 44) . It was recently demonstrated that age-related resistance to acute infection correlated with earlier induction of interleukin-12 (IL-12), gamma interferon (IFN-␥), and nitric oxide responses in the spleens of infected calves than in more susceptible adults (22) . Effective vaccines against these complex organisms will likely require the inclusion of multiple B-and T-lymphocyte epitopes representing different antigens and perhaps different parasite stages. In fact, better protection against the development of parasitemia in cattle challenged with B. bovis was achieved by a combination of two recombinant parasite proteins than by either protein alone (44) . Identification of T-cell epitopes on candidate vaccine antigens conserved among parasite strains is therefore needed to develop a multiple-antigen, peptide-based vaccine or minigene construct. A study has characterized merozoite antigens that induce memory IFN-␥-producing CD4
ϩ -T-cell responses in cattle recovered from infection and subsequently shown them to be protected against B. bovis challenge (7, 34) . Several immunostimulatory proteins, including rhoptry-associated protein 1 (RAP-1), cysteine-rich protein 12D3, spherical body protein SBP1, major surface antigen 1 (MSA-1), and the small heat shock protein Hsp-20, were identified (12, 14, 34) . Of these, B. bovis RAP-1 is one of the leading candidate antigens for vaccine development. Immunization of cattle with recombinant RAP-1 antigen was shown to significantly reduce parasitemia upon challenge infection (44) . RAP-1 is recognized by sera from B. bovis-infected cattle that are immune to challenge (38) . It is an immunodominant antigen for T lymphocytes derived from such cattle and is recognized by memory CD4 ϩ -T-helper cells that produced IFN-␥ but little or no IL-4 (10, 12) .
B. bovis RAP-1 is a member of a family of 58-to 60-kDa proteins of multiple genes that have also been identified in Babesia bigemina, Babesia caballi, Babesia canis, Babesia divergens, and Babesia ovis parasites (17, 18, 27, 33, 37, 40) . In B. bovis, RAP-1 is encoded by two nearly identical genes and consists of a unique N-terminal (NT) region (amino acids [aa] 1 to 316) and a C-terminal (CT) region (aa 317 to 565) that contains seven tandem repeats of a degenerate 23-aa sequence ( Fig. 1A ) (37) (38) (39) (40) . The NT region of RAP-1 is conserved in the B. bigemina RAP-1a orthologues , with an approximately 45% amino acid identity and a 14-aa sequence (PLSLPNPYQLDA AF) that is completely conserved despite changes in codon usage (37) . Furthermore, four cysteine residues between aa 80 and 105 are conserved in all Babesia RAP-1 orthologues, consistent with structural conservation.
In contrast to those of other babesial proteins such as MSA-1 (13, 36) , B. bovis RAP-1 T-cell epitopes are conserved among different strains of B. bovis (10) . However, the T-cell epitopes in RAP-1 have not been mapped. Since antigens containing degenerative repetitive sequences may act as altered peptide ligand antagonists and compete for agonist peptide binding or induce T-cell anergy (20) , it is important to determine whether T-cell epitopes are located in the unique NT region or the repeat-rich CT domain. In addition, it is important to identify "universal" T-cell epitopes that are recognized by individuals with multiple major histocompatibility complex (MHC) haplotypes to achieve the broadest possible protection at the population level. To achieve these objectives, T-cell responses against recombinant RAP-1 NT-and RAP-1 CT-region proteins (herein designated RAP-1 NT and RAP-1 CT, respectively) were determined using oligoclonal T-cell lines derived from three B. bovis-immune cattle with different MHC class II haplotypes. Weak CT-region-specific responses were observed in only one animal, whereas a predominant response against aa 114 to 316 in the NT region was observed in all the cattle. Synthetic peptides and cloned CD4 ϩ T cells were used to further define epitopes in the NT region. These results support the use of selected B. bovis RAP-1 NT-region epitopes to prime for strong, anamnestic, interstrain-cross-reactive CD4
ϩ -T-cell responses upon exposure to B. bovis.
MATERIALS AND METHODS

Animals.
Crossbred Brahman ϫ Angus cow C97 was infected by infestation with Boophilus microplus tick larvae infected with the Mexico strain of B. bovis. Crossbred Hereford cow C15 was inoculated intravenously with merozoites of the same strain cultured in autologous erythrocytes. Charolais cow G3 was infected with the Texas strain of B. bovis. All animals were confirmed to be resistant to homologous strain challenge (6, 15) . The MHC class II DRB3 alleles were determined by the PCR-restriction fragment length polymorphism method developed by van Eijk et al. (42) . The DRB3 haplotypes used were as follows: for cow C97, DRB3 *15/*34; for cow C15, DRB3 *24/*18; and for cow G3, DRB3 *18/*23. Because T-cell epitopes were precisely mapped using T-cell clones from cow C97, DRB3 exon 2 of cow C97 was further cloned into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, Calif.) and sequenced to determine both alleles (DRB3 *3001/*4501) according to an established protocol (46) . Nomenclature of the alleles was as described in the BoLA nomenclature website (http://www2 .ri.bbscr.ac.uk.bola/).
B. bovis strains and antigen preparation. For use in all T-cell experiments, B. bovis merozoite antigen was prepared from the cultured Mexico strain by homogenization of merozoites with a French pressure cell (SLM Instruments, Inc., Urbana, Ill.) and then ultracentrifugation to yield a fraction enriched in parasite cell membranes (CM) (6) . Antigen from uninfected red blood cells (URBC) was similarly prepared for use as a negative control.
GenBank accession numbers (shown in parentheses) were obtained for the rap-1 gene sequences from the following strains of B. bovis: Texas (AF030054), Mexico (AF027149, L77326), Brazil (AF030057, AF030058), Argentina S2P (AF030053, AF030056), and Argentina R1A (AF030055, AF030062). Recombinant antigens spanning RAP-1 were prepared from the Mexico strain, and for one experiment, full-length RAP-1 from the Argentina R1A strain was made. Recombinant RAP-1 antigens were expressed as histidine-tagged thioredoxin fusion proteins. Each RAP-1 insert was amplified by reverse transcription-PCR using specific primer sets (Table 1) Protein was eluted with a series of imidazole solutions (50, 100, 200, and 500 mM and 1 M imidazole in PNB), and eluates were collected into separate tubes. The yields and expected sizes of the products were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Recombinant histidine-tagged major surface protein 5 (MSP-5) of Anaplasma marginale was expressed in the same vector and prepared in an identical manner for use as a negative control protein.
Proteins were analyzed for purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue staining. For use in T-cell proliferation assays, proteins were dialyzed extensively against phosphate-buffered saline and quantified using a Micro bicinchoninic acid protein assay reagent kit (Pierce, Rockford, Ill.).
Dialyzed recombinant proteins were also tested for the presence of endotoxin by using the Limulus amebocyte lysate assay according to the manufacturer's instructions (BioWhittaker, Inc., Walkersville, Md.). In samples containing 25 g of protein per ml (the highest concentration of protein used in proliferation assays), only trace amounts (0.06 or 0.12 endotoxin unit per ml of sample) were detected. A rate of 0.06 endotoxin unit per ml is the limit of sensitivity of the assay, and this corresponds to approximately 6 pg of endotoxin per ml. For individual recombinant proteins, endotoxin levels were as follows: 12 pg/ml for RAP-1, 6 pg/ml for RAP-1 NT, 12 pg/ml for RAP-1 N2, 12 pg/ml for RAP-1 NT2-1, 12 pg/ml for RAP-1 NT2-2, 6 pg/ml for RAP-1 CT, and 6 pg/ml for MSP-5.
Peptides were synthesized by Gerhardt Munske, Laboratory for Biotechnology and Bioanalysis I, Washington State University, Pullman. A 30-mer peptide (P1) derived from A. marginale MSP-2 was used as a negative control peptide (10) . Peptides were dissolved in phosphate-buffered saline. All proteins and peptides were stored at Ϫ20 or Ϫ80°C.
B. bovis-specific T-cell lines and clones. To establish short-term T-cell lines, 4 ϫ 10 6 peripheral blood mononuclear cells (PBMC) derived from B. bovis-immune cattle were cultured in 24-well plates (Costar, Cambridge, Mass.) in 1.5 ml of complete RPMI 1640 medium (6) with 25 g of B. bovis CM antigen per ml for 1 to 6 weeks as described previously (10) . T-cell lines were maintained by weekly stimulation of 7 ϫ 10 5 T lymphocytes with B. bovis antigen and 2 ϫ 10 6 irradiated (3,000 rads), autologous PBMC per well as antigen-presenting cells (APC). T-cell lines were often allowed to rest for 1 week after stimulation with B. bovis antigen to avoid high background proliferation. RAP-1-specific clones 1B9, 1E7, 1G12, and 4D10 from cow C97 were obtained previously (10) and were shown in the present study to be specific for the NT2-2 region. Eight RAP-1 NT2-1-specific clones, including 3B3, 3C12, and 3E1, were obtained by limiting-dilution cloning of a 6-week-old cell line established by sequentially culturing PBMC from cow C97 with B. bovis CM antigen and then recombinant RAP-1 NT2-1 antigen. RAP-1 CT-specific T-cell clones 2C3, 2D11, 2G8, 2H1, and 3E5 were similarly obtained from a 3-week-old C97 cell line stimulated with B. bovis CM and then recombinant RAP-1 CT antigen. T-cell clones were maintained in 24-well plates by stimulating 7 ϫ 10 5 cells with 10 g of specific recombinant RAP-1 antigen and autologous APC per ml in a volume of 1.5 ml of complete RPMI 1640 medium containing 10% bovine T-cell growth factor (5). Cell surface phenotypes of the clones were determined by flow cytometry using monoclonal antibodies (MAbs) specific for bovine CD3 (MAb MM1A), CD4 (MAb CACT138A), CD8 (MAb CACT80C), and ␥␦ T-cell receptor 1 (MAb CACT61A) purchased from the Washington State University Monoclonal Antibody Center, Pullman. All clones expressed the CD3 ϩ CD4 ϩ CD8 Ϫ ␥␦ T-cell receptor-negative phenotype. T-cell proliferation assays. Proliferation assays were performed for 3 days in duplicate or triplicate wells of round-bottom 96-well plates at 37°C in a humidified atmosphere of 5% CO 2 in air (6, 10) . Briefly, 3 ϫ 10 4 T cells and 2 ϫ 10 5 autologous APC were cultured with antigen in a total volume of 100 l of complete RPMI 1640 medium (6) . To measure proliferation, cells were radiolabeled for the last 7 to 18 h of culture with 0.25 Ci of [ 3 H]thymidine (Dupont, New England Nuclear, Boston, Mass.) and radiolabeled nucleic acids were harvested onto glass filters and counted in a beta counter.
To determine whether T-cell clones were DRB3 restricted or DQ restricted, 2 ϫ 10 5 autologous APC were preincubated in 96-well plates for 1 to 2 h with a 4-g/ml concentration of MAb against the bovine MHC class II molecule (1, 2, 19) DR␣ (MAb TH14B) or DQ␣ (MAb TH22A). These immunoglobulin G2a (IgG2a) MAbs and an isotype control MAb (Colis205D) were obtained from the Washington State University Monoclonal Antibody Center and purified by affinity chromatography to protein G using an Equilibrate Hi Trap protein G column (Pharmacia Biotech, Piscataway, N.J.) according to the manufacturer's protocol. This amount of MAb was determined to provide optimal blocking of proliferation without nonspecific effects.
Student's one-tailed t test was used to determine statistically significant differences in levels of proliferation induced by using different antigens or anti-MHC class II or control MAb.
Detection of IFN-␥ in supernatants of T-cell clones.
To measure IFN-␥ production, T-cell clones were cultured with specific antigen under the same conditions as for proliferation assays in 96-well plates and 50-l supernatants were harvested from each well before being pulsed with [ 3 H]thymidine. The bovine IFN-␥ assay was performed with an enzyme-linked immunosorbent assay kit (BOVIGAM; CSL Limited, Parkville, Victoria, Australia) according to the manufacturer's protocol. The IFN-␥ activities in culture supernatants diluted 1:4 to 1:20 were determined by comparison with a standard curve obtained with a supernatant from a Mycobacterium bovis purified protein derivative-specific Thlymphocyte clone that contained 440 U of IFN-␥/ml (previously determined by the neutralization of vesicular stomatitis virus [9] ). In our assay, 1 U corresponds to 1.7 ng of IFN-␥ (3).
RESULTS
T-cell responses to RAP-1 were predominantly directed against the NT region. It was previously shown that B. bovis RAP-1 is strongly immunogenic for T-helper cells from the B. bovis-immune cattle C97, C15, and G3 and that Th-cell epitopes are conserved in different B. bovis strains (10, 34) . To localize the T-cell epitopes, a full-length recombinant RAP-1 and several truncated RAP-1 proteins spanning the NT and CT regions were expressed ( Fig. 1) and tested for stimulation of T-lymphocyte proliferation from B. bovis-immune cattle. T-cell lines consisting predominantly of CD4 ϩ T cells established by stimulating PBMC from cow C97 or C15 with B. bovis CM responded significantly to RAP-1 NT at a level comparable to that induced by full-length RAP-1. In contrast, RAP-1 CT elicited a weak but significant proliferative response from C97 T cells and did not elicit proliferation of C15 T cells (Fig.  2) .
Because the predominant T-cell response was directed against the NT region of RAP-1, additional truncated recombinant proteins, RAP-1 N2, RAP-1 NT2-1, and RAP-1 NT2-2 (Fig. 1B) , were used to further define T-cell epitopes in this region (Fig. 2) . T-cell lines responded to the NT2-1 and/or NT2-2 region but not to the N2 region.
Immune animal G3 also responded to the NT2-1 and NT2-2 regions of RAP-1 but not to the CT region, although high background responses to all E. coli-expressed proteins prevented us from obtaining statistically significant results in multiple assays (data not shown).
To rule out any possibility that differential T-lymphocyte responses to different fusion proteins could be explained by contaminating endotoxin (26) , all samples were tested for endotoxin by the sensitive Limulus amebocyte lysate assay. The amount of endotoxin detected, which was 6 to 12 pg per ml of protein sample (25 g per ml of protein used in proliferation assays), did not correlate with induction of T-lymphocyte proliferation. Furthermore, this trace amount of endotoxin is 10,000-fold less than the amount of 100 to 10,000 ng of endotoxin per ml reported to optimally stimulate proliferation of human T lymphocytes (26) .
Since the T-cell epitopes were concentrated within the second half of the NT region of RAP-1, overlapping 30-mer peptides spanning this region were synthesized for use in epitope mapping ( Table 2) . Comparison of B. bovis antigen-stimulated T-cell lines from B. bovis-immune cattle revealed differences in levels of epitope recognition (Fig. 3) , and these results were repeated in three or more assays. Cow C97 responded strongly to peptides P3 and P9 (P Ͻ 0.005). Although responses to peptides P4, P5, P6, and P7 were weaker than responses to peptides P3 and P9, they were also significant when the highest peptide concentration was used. In some experiments, the response to peptide P5 was comparable to the responses to peptides P3 and P9 (data not shown). T-cell lines from cow C15 responded strongly to peptide P5 and also weakly, but significantly, to peptide P2 (P Ͻ 0.05). T-cell lines established from cow G3 responded significantly to peptides P5 and P7 (P Ͻ 0.05) and also responded to P6 (P ϭ 0.06). These results indicate that the NT region of RAP-1 contains several different T-cell epitopes, the dominant ones of which are contained within peptides P3 and P9 (cow C97), P5 (all three cattle), and P7 (cow G3).
Epitope mapping with RAP-1 NT-specific T-cell clones. Tcell clones derived from cow C97, which recognized the largest number of peptides, were used to more precisely define T-cell epitopes in the RAP-1 NT region. Clones specific for RAP-1 NT2-1 were obtained after the stimulation of T-cell lines with full-length RAP-1, followed by stimulation with RAP-1 NT2-1. Eight clones proliferated to B. bovis CM, RAP-1, and RAP-1 NT2-1 antigens, and three representative clones are shown in Table 3 . When tested for IFN-␥ production, clones 3B3 and 3E1, respectively, produced 40.9 Ϯ 2.7 and 76.9 Ϯ 0.4 U of IFN-␥ per ml in response to B. bovis CM antigen, compared with 4.3 Ϯ 0.1 and 2.4 Ϯ 0.3 U of IFN-␥ per ml in response to URBC antigen. Previously obtained RAP-1-specific CD4 ϩ -Tcell clones 1B9, 1E7, 1G12, and 4D10 (10; W. C. Brown, unpublished observations) were shown in the present study to respond to the NT2-2 region of RAP-1 (three clones are shown in Table 3 ). These clones also produced IFN-␥ and little or no IL-4 (10). Importantly, these T cells respond to both recombinant protein and naturally processed epitopes, which suggests that as a vaccine component, peptides containing T-cell epitopes may be able to prime for a response that will be elicited upon exposure to the pathogen. Although the in vivo RAP-1-specific T-cell cytokine response has not been demonstrated, the type 1 cytokine profile exhibited by in vitro-cultured RAP- (Fig. 1) . Results are the mean counts per minute of triplicate cultures of T cells stimulated with antigen for 3 days Ϯ 1 standard deviation and are representative of at least three experiments. Responses significantly higher than those for A. marginale MSP-5 control antigen are indicated with a † (P Ͻ 0.005) or ‫ء‬ (P Ͻ 0.05). 
1-specific T-cell clones is consistent with a type 1 response elicited during acute infection (22).
The epitopes recognized by RAP-1 NT-specific T-cell clones were mapped using synthetic peptides spanning the NT2-1 and NT2-2 fragments of RAP-1 ( Table 2 ). All eight RAP-1 NT2-1-specific T-cell clones responded strongly to peptide P3 (aa 174 to 203) and weakly to peptide P4 (aa 194 to 223). Results from a representative clone (3B3) are shown in Fig. 4A . The T-cell epitope was defined to a 17-aa sequence, EYLVNKVL YMATMNYKT (aa 187 to 203), using a series of additional peptides (Fig. 4B and data not shown) . E 187 appeared to be essential for stimulation, and peptide P4 lacked the 7 NT aa (EYLVNKV) required for an optimal response. All four RAP-1 NT2-2-specific CD4
ϩ -T-cell clones responded to peptides P8 (aa 274 to 303) and P9 (aa 294 to 316), which overlap by 10 aa.
Results from a representative clone (1E7) are shown in Fig.  4C . By using peptides containing the overlapping sequence, we identified a 13-aa sequence, EAPWYKRWIKKFR (aa 295 to 307), as a T-cell epitope for RAP-1 NT2-2-specific CD4
ϩ -Tcell clones (Fig. 4D and data not shown) . Since the 9-aa sequence (EAPWYKRWI, aa 295 to 303) of peptide P8 overlaps the 13-aa epitope, this 9-mer peptide was also examined. Proliferation against this peptide was not observed, suggesting that although peptide EAPWYKRWI consists of the core T-cell epitope sequence, T-cell stimulation requires amino acid sequence extension from this core sequence towards either the N terminus or the C terminus.
T-cell epitopes within the RAP-1 CT region. Although the response of C97 T cells to RAP-1 CT was weakly positive ( that recall responses to the CT region of RAP-1 were elicited by the native protein (Table 4 , experiment 1). The CT region of RAP-1 is composed of seven degenerate 23-aa repeats within aa 317 to 534 (37) . Peptides CT-P1 and CT-P2 (Table 5) were previously used for identification of B-cell epitopes (38) and were tested with RAP-1 CT-specific T-cell clones. All five CD4
ϩ -T-cell clones responded strongly to peptide CT-P2, representing aa 386 to 408 (Table 4 , experiment 2). Two clones tested, 2G8 and 2H1, respectively produced 70.5 Ϯ 0.2 and 61.1 Ϯ 3.8 U of IFN-␥ per ml when they were stimulated with B. bovis CM antigen, compared with 2.4 Ϯ 0.1 and 0.7 Ϯ 0.1 U of IFN-␥ per ml when they were stimulated with URBC antigen. To further define the T-cell epitope(s) within peptide CT-P2, additional shorter peptides representing variations of the repeat were synthesized (Table  5 ) and tested for stimulation of the CT-P2-specific T-cell clones. A 12-aa sequence, FREAPQATKHFL (A 397 ), present at positions 391 to 402, was identified as the epitope for the CT-P2-specific T-cell clones (data not shown). An exact repeat of the 12-aa sequence (A 420 ) also exists at positions 414 to 425. We then determined if the other degenerate repetitive sequences could stimulate the T-cell clones (results are summarized in Table 5 ). None of the variant peptides present in the Mexico strain RAP-1 CT-region repeat sequences stimulated T-lymphocyte proliferation.
Examination of the GenBank database showed that the rap-1 gene sequence for the Argentina R1A strain of B. bovis contains two versions of the CT-P2 T-cell epitope, FREAPQA TKHFL (A 397 ) and FREAPQVTKHFL (V 420 ), so it was of interest to determine if this naturally occurring A 397 -to-V 420 substitution would affect T-cell recognition ( Table 5 ). The variant peptide did not elicit proliferation of the T-cell clones, whereas a full-length recombinant RAP-1 protein derived from strain R1A elicited strong T-cell proliferative responses by the clones (data not shown). The responses of the clones to the R1A strain RAP-1 protein are therefore directed against the stimulatory T-cell epitope FREAPQATKHFL (A 397 ), and the presence of the variant epitope FREAPQVTKHFL (V 420 ) in this strain does not appear to negatively influence this response. Together, these results suggest that nonstimulatory, degenerate repeat sequences in the CT region are not antagonistic for T-cell proliferation to the CT-region epitope defined in this study, at least not when in vitro recall responses are measured.
MHC class II restriction. C97 T-cell clones specific for the three epitopes defined on RAP-1 were tested for responses to specific antigen in the presence of MAb directed against either the DRB3 or the DQ class II molecule. RAP-1 NT2-1-specific clones 3E1 and 3B3 and RAP-1 CT-specific clones 2H1 and 2G8 were significantly inhibited by MAb specific for bovine DQ (Fig. 5A and C and data not shown) . In contrast, RAP-1 NT2-2-specific clones 1E7 and 4D10 were significantly inhibited by MAb against both DQ and DRB3 (Fig. 5B and data hibitory effect on antigen-induced T-cell proliferation by these clones. These experiments were repeated at least three times with similar results.
DISCUSSION
RAP-1 is a candidate for inclusion in a B. bovis vaccine based on its ability to induce partial protection in vaccinates, defined as a significant reduction in parasitemia upon challenge (44) . RAP-1 is recognized by both antibody and T lymphocytes from cattle recovered from B. bovis infection that were immune to subsequent challenge (10, 38) . Furthermore, the RAP-1 orthologue in B. bigemina also conferred protection against homologous challenge (8, 27) . Examination of the cytokine response demonstrated that the RAP-1-specific CD4 ϩ T cells of B. bovis and B. bigemina expressed predominantly IFN-␥, with little or no expression of IL-4 (9, 10, 30) . IFN-␥ is important for enhancing production of the opsonizing IgG2 isotype in cattle and for activating macrophages to produce toxic molecules such as nitric oxide, which inhibits the growth of B. bovis (9, 10, 12, 32, 35) . However, it is unknown whether this in vitro RAP-1-specific cytokine response reflects the actual antigen-specific response in vivo. The present study has identified the nonrepetitive NT domain of B. bovis RAP-1 as the major domain to elicit memory T-cell responses in three immune cattle with different MHC class II haplotypes. Based on peptide-specific proliferative responses, at least four T-cell epitopes, which are found in peptides P3, P5, P7, and P9, are present in the NT region (aa 134 to 316) of RAP-1. The dominant response by C97 cell lines to peptides P3 and P9 was confirmed by the responses of two sets of T-cell clones which also were specific for epitopes present within these peptides. The rap-1 sequences that contain T-cell epitopes and are reported in the GenBank database are conserved among all B. bovis strains, including Texas, Mexico, Brazil, and Argentina (S2P and R1A strains), which is consistent with the previously reported recognition of different strains of B. bovis by the RAP-1 NT2-2-specific T-cell clones (9) . These data directly support the inclusion of the NT region or defined epitopes in a multiepitope vaccine approach.
In this study, the NT and CT regions of B. bovis RAP-1 protein were considered two units because the molecular structures of these regions are distinct. The CT region is comprised of seven degenerate 23-aa repeats arranged in tandem that are not conserved among RAP-1 family members of different Babesia species. The NT region has a unique sequence, containing four cysteine residues and other sequence motifs that are highly conserved among RAP-1 orthologues from different babesial species (17, 33, 41) . Several conserved oligopeptide motifs in the NT region were also found in the Plasmodium falciparum rhoptry protein, AMA-1/pf83, and members of the Pf60 multigene family (4, 41) . The presence of such conserved motifs in apicomplexan parasites suggests that the NT region plays a critical role in the function of RAP-1, one that perhaps involves erythrocyte invasion (41) . The findings that the predominant CD4 ϩ -T-cell response to RAP-1 is directed at epitopes in the NT region and that B-cell epitopes are located in both the NT and CT domains (38) suggest that it may be possible to eliminate the repetitive CT domain in a vaccine construct. Repetitive sequences are often serologically immunodominant and may skew the antibody response away from other domains (31) . It has also been postulated that antigens containing repetitive sequences may induce T-cell-independent B-cell activation, resulting in the production of nonneutralizing antibody and immune evasion (31) .
NT2-2-specific T-cell clones recognized epitope EAPWYK RWIKKFR (aa 295 to 307) as well as P8 (FARRYADMVKK VLLGSLTSYVEAPWYKRWI), which contained the 9-aa sequence EAPWYKRWI at the C terminus. This result suggests that EAPWYKRWI (aa 295 to 303) consists of a central core region for binding to the MHC class II groove. Amino acid E 295 is likely anchored in the P1 pocket of the MHC class II groove, since deletion of E 295 from EAPWYKRWIKKFR completely abolished the T-cell response. We also confirmed that the 9-mer peptide EAPWYKRWI did not stimulate the T-cell clones. Together, these results indicate that amino acid sequence extension from the core sequence towards either the N terminus or the C terminus is required for stimulation of RAP-1 NT2-2-specific T-cell clones. Flanking residues at the NT or CT ends of an antigenic core peptide can modulate its immunogenicity by changing the stability of the MHC class II molecule or T-cell receptor recognition (16, 28, 29, 43) .
Although RAP-1 NT2-1-and RAP-1 CT-specific T-cell clones were apparently restricted by the MHC class II DRB3 molecule, both DRB3-and DQ-specific MAbs blocked responses of RAP-1 NT2-2-specific T-cell clones, suggesting that both molecules can present this peptide. In other studies using these MAbs and T-lymphocyte clones specific for A. marginale MSP1a and MSP2, either DQ-or DRB3-restricted responses showing that both antibodies are capable of blocking antigen presentation have been identified 11; W. C. Brown, unpublished observations). Further studies to define bovine MHC class II DRB3 and DQ alleles will be required to elucidate the promiscuous MHC class II restriction pattern observed with RAP-1 NT2-2-specific T cells.
In summary, we have demonstrated the presence of multiple, naturally processed T-helper-lymphocyte epitopes in the NT region of RAP-1, the region that is structurally conserved among different Babesia species. The presence of multiple Thelper-lymphocyte epitopes on RAP-1 NT antigen recognized by cattle with different MHC class II haplotypes may explain why B. bovis RAP-1 induces easily detectable memory CD4
ϩ -T-cell responses in immune cattle and supports the inclusion of RAP-1 NT epitopes in a B. bovis vaccine. Although the CT region was not immunodominant for T-cell responses from the cattle used in this study, its presence in the full-length antigen had no obvious negative or positive effects on RAP-1 NTspecific T-cell responses in vitro. Similarly, the presence of antigenically variant T-cell epitopes in the CT region did not adversely affect CT-specific T-cell responses. Future studies will compare the results of immunization of cattle with fulllength RAP-1 or truncated RAP-1 NT protein missing the repetitive domain to determine whether the NT region mimics the ability of full-length RAP-1 to induce protection against clinical babesiosis upon challenge. RAP-1 T-cell epitopes may ultimately be useful in a multiple-epitope construct designed to elicit memory responses against several B. bovis antigens.
